INTRODUCTION
Pterocarpans constitute the second largest group of natural isoflavonoids and play an important role as phytoalexins. They have been mainly found in a large number of species belonging to diverse sub-families of the Leguminosae (Fabaceae). The main structural feature of pterocarpans consists in the presence of a tetracyclic system of benzofuran-benzopyran rings [1] which contains two chiral centres in the positions 6a and 11a, which determinate the stereochemistry of the molecule, although it is well known that only compounds with a cis fusion of B/C rings are present in nature ( Figure 1 ). Computational studies show that the trans isomers are much less energetically favoured than their cis counterparts [2] . Most of the natural pterocarpans show high and negative optical rotation values ([α] D from -150 to -300). The absolute configuration of 6a and 11a chiral centers was assigned as 6aR, 11aR by comparison with known structures. There are also X-ray diffraction studies of some of them [3] [4] [5] .
The main substituents on the aromatic rings are hydroxy or methoxy groups. Other substituents can result in a wide range of structural variation, including the formation of additional heterocyclic rings. The additional rings are principally methylenedioxy or dimethylchromene types, formed from cyclization between vicinal hydroxyl and methoxyl or monoprenyl groups, respectively.
In addition, there are some natural pterocarpans which carry a hydroxy group on C-6a, which can also dehydrate in the presence of mineral acids to form pterocarpenes. These are also natural metabolites, but much less frequent ( Figure 1 ). Most of the pterocarpans have oxygenated substituents in the aromatic positions C3, C9 and/or C8. Some others have an isoprene derived substituent next to an oxygenated aromatic position [6] . The pterocarpan structure is formed at the last stages of the biosynthesis of flavonoids, as a part of the isoflavonoid branch of the pathway. The entry into this process occurs through the action of 2-hydroxyisoflavanone synthase (2HIS, also known as isoflavone synthase, IFS). 2HIS catalyzes both C-2 to C-3 aryl migration and hydroxylation of the C-2 of (2S)-flavanones to yield (2R,3S)-2-hydroxyisoflavanones (as in 2,7,4'-trihydroxyisoflavanone, scheme 1). Subsequent to the 2HIS step, a series of reactions lead to a range of plant defense compounds whose exact structures vary between species, in particular pterocarpans. Therefore, there is not an unique biosynthetic route to all the pterocarpans.
Based on analysis of enzyme preparations, the conversion of isoflavanones to pterocarpans was thought initially to be catalyzed by a single NADPH-dependent enzyme, termed the pterocarpan synthase (PTS) [7] . However, it was subsequently shown that in Medicago sativa the conversion of vestitone to medicarpin involves two enzymes (scheme 1), vestitone reductase (VR) and 7,2'-dihydroxy-4'-methoxyisoflavanol dehydratase (DMID) [8] . The reaction series from vestitone to the pterocarpan is thought to proceed by the VR-catalyzed reduction of the isoflavanone vestitone to DMI, followed by the loss of water and formation of the C-O-C bridge between the heterocycle and the B-ring, a process catalyzed by DMID [7] .
Several experiments with fungi show that these are very efficient in the induction of phytoalexins biosynthesis [9] . The infected plants usually produce the same phytoalexins, with independence of the fungus responsible for the infection. Thus, pterocarpans like phaseollin, phaseollidin, medicarpin and maackiain have been isolated from different infected plants (corn, chickpea, bean,...) by several fungi (Botrytis cinerea, Fusarium oxysporum, Colletotrichum lindemuthianum...) [10] [11] [12] [13] . Besides, in vitro assays of the antifungal activity of pterocarpans in laboratory also show the strong activity of these compounds. For example, pterocarpin, neorautenol, isoneorautenol, erybraedin A and shinpterocarpin have been satisfactorily tested against some fungus [14, 15] .
Several studies have tried to relate the structure of the pterocarpan system with the biological activity as fungicides. Although it seems to be well established that the lipophilic nature of the compounds increases their antifungal activity, as it allows them to penetrate more easily through the fungus membranes [16] , there is still a lack of evidence for the relationship between the structure and the antifungal activity of pterocarpans.
In the same way than fungal attacks, infections of bacterial origin can lead to an accumulation in plants of phytoalexins, which act now as antibacterial agents. Pterocarpans can work either as bactericidal or as bacteriostatic agents. For example, it has been found that erythrabyssin-II is active towards Staphylococcus aureus and Mycobacterium smegmatis, even more than streptomycin [17, 18] . Medicarpin and maackiain also exhibited moderate activity against Mycobacterium tuberculosis [19] .
There are also several examples of pterocarpans with antitumoral activity, like 3,4-dihydroxy-8,9-methylenedioxypterocarpan [20] , erybraedin C and bitucarpin A. These compounds may act as potent growth inhibitors, comparable to other clinically important antineoplastic natural drugs, including etoposide, on human colon adenocarcinoma cells [21] . A recent study shows that (+)-2,3,9-trimethoxypterocarpan, (+)-homopterocarpin, (+)-medicarpin and (+)-vesticarpan can induce apoptosis in HL-60 human leukemia cells or in human colon adenocarcinoma cell lines MMR, therefore becoming a potential class of anticancer chemicals agents [22] . The methoxy group on C2 position was an important pharmacophore for these pterocarpans. Moreover, the increasing number of hydroxyl groups seemed to increase their nonspecific toxicity.
Besides their antitumoral, antifungal and bactericidal activity, pterocarpans present a wide range of other biological activities, which include insecticide [23, 24] , anti-HIV [25, 26] , antimalarial, [27] and against snake or spider venom [28] [29] [30] [31] .
BIOMIMETIC APPROACHES

Cyclization via quinone intermediates:
Before the biosynthetic pathway for the interconversion of isoflavones into pterocarpans had been established with experimental evidences, several chemical conversions were suggested as possible analogies for the corresponding in vivo biological processes. On the basis of the characteristic 2'-hydroxylation pattern of natural isoflavans and their chemical analogs, it was suggested that the conversion of 2'-hydroxyisoflavans 
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to pterocarpans might occur in vivo, and that a chemical correlation could be suggested. Mild oxidation of the 2'-hydroxyisoflavans (1) (scheme 2) with DDQ afforded demethylhomopterocarpin (2a), maackiain (2b) [32] , the unsubstituted pterocarpan core skeleton 2c or 2-isopentylmaackiain (2d) [33] . The reaction most probably proceeds through a quinonemethide intermediate, which undergoes a nucleophilic addition by the 2'-OH group. The method has also been applied to the synthesis of 2e and 2f [34] .
Reduction and cyclization of isoflavones:
Most of the biomimetic protocols for the synthesis of pterocarpans use isoflavones as starting materials. Several synthetic approaches to their skeleton have been described.
The most commonly used route is the reaction of a chalcone (5) with thalium (III) nitrate (TTN) to promote a phenyl migration [35] . The rearranged product (6) cyclizes, by means of hydrogenolysis of the benzyl group followed by an acid treatment, into a 2'-benzyloxyisoflavone (7) (scheme 3). The chalcone (5) , in turn, is obtained by condensation of an appropriately substituted benzaldehyde (4) with a methyl ketone (3) in the presence of potassium hydroxide. The isoflavone derivative (7b) was further elaborated into pterocarpan (8) through debenzylation, reduction with sodium borohydride to a mixture of epimeric isoflavan-4-ols, and finally treatment with acid [36] . The same protocol, via chalcone, has been adapted to the synthesis of several natural pterocarpans, like demethylhomopterocarpin (2a) [37] , maackiain (2b) [37] , 9-Odemethylmedicarpin (9) [38] , 10-methoxymedicarpin (10) and nissolin (11) [39] , sparticarpin (12) [40] , or the constituents of Swartzia laevicarpa 13, 14, 15 and 16 [41] ( Figure 2 Isoflavones as 17 can also be reduced selectively with diisobutylaluminium hydride in toluene at -60ºC to give isoflavanones. Debenzylation followed by acid catalyzed ring-closure leads to pterocarpenes, like bryacarpene (18) (scheme 4) [42] . Conversion of 2'-hydroxyisoflavones (19) into pterocarpans by reduction and acid promoted cyclization has also been used to prepare several natural pterocarpans and analogs (20) (scheme 5, Table 1 ). 14 C labeled analogs, like (±)medicarpin-[ 14 C-Me] have also been prepared by the same sequence [43] . * Names given only for natural products 540 Natural Product Communications Vol. 6 (4) 2011
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Synthesis of deuterium labeled analogs have also been achieved by the same protocol (scheme 6), like in the preparation of deuterium labeled-22 [51] . Thallium nitrate promoted aryl migration in chalcones leading to rearranged products that can be cyclized into isoflavones, followed by another cyclization step, is possibly one of the most efficient methods of preparation of pterocarpans. However, TTN is a highly toxic compound, and several alternative methodologies have been explored. One of the most successful is the hypervalent iodine compound, phenyliodine (III) bis(trifluoroacetate) (PIFA). Thus, treatment of the chalcone 26 with PIFA in trimethyl orthoformate and trifluoroacetic acid gave a rearrangement product, which was converted into (±)-homopterocarpin (scheme 8) [53] . The rearrangement process is very sensitive to the electron density of the aromatic ring, and yields for electron-rich systems tend to be lower. For this reason, bromosubstituted chalcones have been used. A slight variation of the reaction conditions (hot methanol instead of trimethyl orthoformate) allows reasonable yields (scheme 9) [54] . Compound 30 is converted into the isoflavone by treatment with BF 3 • Et 2 O and Me 2 S. Reduction with NaBH 4 affords a diol (31) , which is cyclized in the presence of BF 3 • Et 2 O and debrominated using 10% Pd-C and ammonium formate to yield (±)-pterocarpin. A highly atom economical direct annulation of salicylaldehydes (32) and phenylacetylenes (33) catalyzed by gold (I) yields isoflavanone 34. One-pot reduction and acidic cyclization of 34 yield the expected pterocarpans (Scheme 10) [55] . The proposed mechanism for the gold (I) mediated cyclization is depicted in scheme 11 [56] . Scheme 11: Proposed mechanism for the gold catalyzed annulation.
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(-)-(6aR,11aR)-4-hydroxy-3-methoxy-8,9-methylenedioxypterocarpane was isolated from Dalbergia spruceana by Cook et al. in 1978 [57] . Its structure was confirmed by chemical synthesis. The chalcone 35, prepared by condensation of 6-benzyloxy-piperonal with 2,3-dibenzyloxy-4-methoxyacetophenone, is converted into its epoxide 36 and by treatment with BF 3 •OEt 2 , rearranges with simulta-neous monodebenzylation into isoflavone 37 (scheme 12). Debenzylation and reduction to 2´-hydroxyisoflavonol and final cyclization affords racemic (±)-4-hydroxy-3-methoxy-8,9-methylenedioxypterocarpan. Synthesis of both enantiomers of pterocarpin has also been achieved by 2'-hydroxyisoflavone reduction, followed by optical resolution of the resulting diol (39) (scheme 13). Derivatization with (R)-1-(1-naphthyl)ethylisocyanate gives a diastereomic mixture of carbamates 40 and 41 which can be separated. Removal of the chiral auxiliary followed by acid-catalyzed cyclization, yields natural (-)-pterocarpin and its non-natural enantiomer (scheme 13) [58] . The same procedure has been adapted to the synthesis of pisatin enantiomers [59] . Antus et al. [60] tuned up a method for separation of racemic pterocarpans by HPLC on (+)-poly(triphenylmethyl methacrylate)-coated silica gel.
NON-BIOMIMETIC APPROACHES
Michael-Claisen condensation:
A new aromatic annulation strategy has been developed to prepare the D ring of substituted pterocarpans (scheme 14). Reaction of α-phenylsulfinyl-γ-butyrolactones (42) with α,β-unsaturated ketones (43) affords 1,3-cyclohexadiones (44) . Thermolysis in acidic medium promotes the aromatization of the new ring and an additional cyclization to afford the pterocarpan skeleton [61] . By choosing suitable precursor compounds, the procedure can be adapted to the preparation of various pterocarpans prenylated on the D-ring. Scheme 16 describes the preparation of sophorapterocarpan A [63] . The required o-chloromercuriphenol moiety is prepared by treatment of a suitable phenol derivative with mercury (II) acetate in methanol followed by treatment with lithium chloride. The preparation of the 2H-chromene moiety depends on the kind of pterocarpans synthesized in each case, but many of them use resorcinol as starting material.
Many authors have synthesized 4-benzyl-maackiain 57a from 2H-chromene 55a and o-chloromercuriphenol 56a (scheme 18, table 2). This product is frequently used as precursor for the synthesis of other pterocarpans and derivatives. Thus, maackiain [65] [66] [67] [68] , edunol, neopranol, neorautenane, neorautanol [65] , cabenegrins AI [66] [67] [68] , and 8,9-methylendioxy-3-hydroxycoumestan [69] have been synthesized from 57a. Antus and co-workers have reported the formation of some by-products when (±)-4benzylmaackiain 57a is synthesized by oxa-Heck reaction using PdCl 2 and LiCl. The process takes place through the transformation of o-mercuriphenols in the corresponding o-palladium phenols by mercury-palladium exchange at room temperature. These species react with chromenes yielding intermediates I and II (scheme 19).
The palladium chloride-catalyzed coupling reaction does not proceed with full regioselectivity to give the pterocarpan ring system, as it also furnishes the O-heterocycles 59 and 60 as side-products. The reaction mechanism shown in scheme 19 is proposed for the formation of these by-products [67, 68] . The oxazocine derivate 61 is also prepared from 1,2-dihydroquinoline 58 [67] .
The hydroxyl protected pterocarpans (57b-k) (scheme18, Neorautane [74, 75] and neorautanin [75] However, an undesidered product (64) is obtained. In fact, using 2H-chromene 65 as starting material (scheme 21), 66 is formed as unique product, instead of the benzofuran pterocarpan system [75] . The pterocarpans (±)-neorautenane [76] , (±)-leiocarpin [77] and (±)-isohemileiocarpin [77] 
Radical cyclization of 3-aryloxy-2H-chromenes:
In 1988, Gopalsamy and Balasubramanian described the synthesis of pterocarpans and related systems by means of radical cyclization reactions [85] . This method produces the furan C-C bond of pterocarpan in the key step, which involves an intramolecular radical arylation, making use of the stereospecific and regiospecific nature of this intramolecular radical reaction. Cyclization of chromene 86 is carried out by refluxing a benzene solution with Bu 3 SnH in the presence of a catalytic amount of azoisobutyronitrile (AIBN). The cis ring junction is favored by thermodynamic considerations (scheme 29).
The same authors have also published a deuterium label study in order to establish the mechanism. Substrate 86 might yield compound 87 either through a disallowed 5-endo-trig cyclization, or through an allowed 4-exo-trig cyclization followed by an aryl group migration. The result obtained when using tributyltin deuteride, provides clear evidence for a 5-endo-trig radical cyclization (scheme 30) [86] . This methodology has been also extended to the synthesis of 6,6-dimethylpterocarpans [86] . 
Cycloaddition reactions of 2H-chromenes with benzoquinones:
In 1988, Engler [87] developed a strategy that has been applied to synthesize a large number of pterocarpans [25, [88] [89] [90] Notable features of the route are that the pterocarpans produced incorporate oxygen substituents at the C 3 and C 9 positions, and that the C 8 phenol moiety of the pterocarpans formed can be reductively removed (95a) or can be used to introduce a C 8 prenyl unit presented in some natural complex pterocarpans (95b) (scheme 33) [ An asymmetric version of this methodology has been developed, using Ti-TADDOLates, prepared in situ from the chiral diol (+)-96. In this way, (+)-3,9-dimethoxy-8hydroxypterocarpan ((+)-97) (the enantiomer of the natural one) was prepared (scheme 34) [92] .
Engler's methodology has also been used for the synthesis of pterocarpans (100, R 1 =H) and 6,6-dimethylpterocarpans (101, R 1 =CH 3 ) (scheme 35) [93] , although in this case, a mixture of pterocarpans and pterocarpenes is obtained. However, cycloaddition proceeds efficiently in the presence of ZnCl 2 , under mild reaction conditions and good yields without the formation of side products [94, 95] . Following this procedure, a total synthesis of natural pterocarpan edulane (101) has been achieved (scheme 35) [96] . Recently, microwave heating has been used to improve yields of this cycloaddition reaction catalyzed with Zn(II) [97] . However, attempted reactions of 2H-thiachromenes with quinones failed to provide 5-thiapterocarpans [26] .
It has been described another [3+2] cycloaddition process starting from chromenes to prepare pterocarpans or 5-carbapterocarpans (111, X=CH 2 ) (scheme 37). These compounds may be prepared in a single step in reasonable yield via oxidation of 4-alkoxyphenols (109) At this stage a dihydrobenzofuran ring is formed, as well as the two chiral centres of the molecule. Therefore, the diastereoselectivity of the whole route is governed in this condensation. Benzoxasilepin 115 can be prepared by ring closing metathesis of allyldimethylsilyl ethers of o-propenylphenols (114) . The route allows the preparation of diastereomerically pure cis or trans pterocarpans (119) in good yields by an adequate selection of the reaction conditions (step g or h, scheme 38). X-Ray diffraction confirmed the relative stereochemistry of both final products (119 cis and trans) . A detailed study of the mechanism of the reaction [105] has demonstrated that it proceeds through a ring-opened allylfluorosilane, which is stable enough to be isolated and characterized.
The use of a chiral Lewis acid in the Hosomi-Sakurai modified reaction turns the route enantioselective [106] (scheme 39). Several catalytic silver (I) complexes in the presence of a source of fluoride ion can be used, but the best results are obtained with catalytic amounts of (+)-BINAP/TfOAg with stoichiometric KF and 18-crown-6. In these conditions, the relative configuration in the 2,3-dihydrobenzofurans (122) is always trans (scheme 39). In this way, trans-pterocarpin was achieved in good yield. Isomerization to the more stable natural cis-isomer was easily accomplished with camphorsulfonic acid at reflux in toluene without loose of optical integrity. This was the first enantioselective total synthesis of (-)-cis-pterocarpin described in literature. The modified Sakurai-Hosomi can be applied to the condensation of 2H-benzo[g] [1, 2] oxasilocines (123) with aromatic aldehydes in the presence of boron trifluoride, affording 2-phenyl-3vinylchromanes (124) in moderate yields [107] . The method is useful for the preparation of the skeleton of the non natural analogs of the pterocarpans, homopterocarpans (126) (scheme 40). 
Five member ring formation by displacement of sulfides:
Ferreira and co-workers have developed a strategy to synthesize pterocarpans (132), in moderate to high yields, through an aldol condensation between phenylacetates (128) and benzaldehydes (127) to afford 548 Natural Product Communications Vol. 6 (4) 2011
Jiménez-González et al. In a different approach due to the same authors [110] , the C-ring is formed before B-ring closure, to provide synthetic access to 6a,11a-trans-pterocarpans via Mitsunobu cyclization (scheme 42 The same general approach has been used to develop a chiral synthesis of (+)-pisatin [120] . Sharpless asymmetric dihydroxylation of the benzylated 3-isoflavene (149) affords optically pure diol 150. Hydrogenation of 150 furnishes pterocarpanol 151; its selective methylation yields optically pure (+)-pisatin (scheme 46). In a different example of Sharpless asymmetric dihydroxylation, the 3-isoflavenes 153 are prepared from sulfides 152 by sulfoxide formation and subsequent elimination [110] (scheme 47). OsO 4 oxidation with the chiral catalysts dihydroquinine p-chlorobenzoate (DHQ-CLB), in conditions similar to those employed by Pinard et al. [120] , gives enantioselectively dihydroxy derivatives 154. Enantiomers of 154 can be similarly obtained by using dihydroquinidine p-chlorobenzoate (DHQD-CLB) as chiral ligand. The enantiomer excesses were in all the cases higher than 99%. Deprotection of 154 with TBAF followed by cyclization afford the pterocarpans 155 in good yield (70-75%) and essentially optically pure form. It's interesting to note that diol 154 (R=H) also afforded trans-6a-hydroxypterocarpan as minor product (9-10%).
TTN mediated ring contraction:
The enantioselective synthesis of trans-(6aS,11aR)-pterocarpan [(+)-161] and its conversion to cis-(6aS,11aS)-pterocarpan has been achieved by Kiss et al., using 2-benzyloxyflavanone ((±)-156) as starting material [83, 121] (scheme 48). (±)-156 is resolved using the readily available chiral resolving agent (2R,3R)-butanediol. Although the diastereomeric ketals 157a,b can be easily prepared under acid catalysis, separation either by chromatography or crystallization is not possible (scheme 48). However, when the benzyl protective groups of the diastereomeric mixture are removed, the diastereomer (-)-158a crystallizes in hexane/benzene 16:1. X-ray analysis allowes to establish the absolute configuration as 2R. Benzylation of (-)-158a to (+)-157a and removal of the chiral auxiliary afford the optically active flavanone (+)-156. Reaction with thallium trinitrate induces ring contraction of (+)-156, a process in which the absolute configuration at C-2 (R) is retained in the new trans- Finally, acid treatment of trans-pterocarpan (+)-161 in benzene at 80ºC led to isomerized cis-pterocarpan (+)-161 in good yield (74%).
Derivatives with the ring A partially hydrogenated:
Preparation of 6,9-didemethoxykushecarpin A (166) (scheme 49) has been achieved by the addition of the anion of benzofuran 162, to a synthetic equivalent of methoxy-1,4-benzoquinone (163), as key step. After acetic acid-mediated hydrolysis of the ethyl vinyl ether (EVE) protecting group, the adduct 164 is formed. Intramolecular Michael cyclization of 164 with DBU leads to the pirane ring formation. Although a mixture of isomers is obtained, compound 165 is the major one. Catalytic hydrogenation of 165, followed by treatment with trifluoroacetic acid provides the desired product 166 (scheme 49) [122] . 
